GaAs/AlAs Bragg mirrors on GaAs with varied number of layer pairs were grown, by molecular beam epitaxy (MBE),
Introduction
Distributed Bragg reflectors (DBRs), consisting of periodic quarter wavelength stacks of high and low refractive index compound semiconductors, are extensively used in optical devices such as vertical cavity surface emitting lasers, resonant-cavity enhanced photo-detectors, and recently also in optically pumped vertical extended cavity surface emitting lasers (VECSELs) [1] , semiconductor saturable absorber mirrors (SESAMs) [2] , and light beam intensity modulators [3] . All those applications impose the highest requirements on the reflectivity of Bragg mirrors that often have to be higher than 99.5%. Semiconductor quarter wavelength AlAs/GaAs DBR was demonstrated to be that kind of structures. There are at least two reasons that make the precise determination of the peak reflectivity very difficult. First, each experimental value is determined by comparison with a standard mirror, usually the silver one. The reflectivity of the silver mirror is, however, no greater than 98.5% what significantly diminishes the precision of the estimation of the reflectivity for the values over 99%. Second reason stems from the fact that high reflectivity is a product of the interferences of the beams reflected by each individual interface between the high and low index layers. In consequence, to precisely determine the reflectivity, the measurements require incident light to be a plain wave. Unfortunately, for these reasons precise determination of the peak reflectivity is rather difficult. Thus, it is necessary to investigate mirror parameters that influence reflection performance, namely the number of periods, periodicity, interface sharpness, thickness of layers, and lateral homogeneity. If the measured values are in good agreement with the preset ones, one can expect that the mirror has the required reflectivity. There is, however, another reason to investigate the mentioned parameters. It is known from optical considerations that the larger the difference between the refractive indexes of succeeding layers, the fewer number of the periods required for high reflectance. The dominant limitation, of this sort of structure performance, results from the fact that the large difference in a refractive index between succeeding layers scales with the energy band gap at the heterojunction. Consequently, high barriers for transport of carrier injected into active regions were formed, producing large series resistance in the VCSEL structure. Generally, the common technique of lowering the DBR series resistance consists in the use of interface composition 12 [4, 5] . These two reasons clearly show the importance of the reduction of spread of DBR's principal parameters. In this work, we report on the complementary use of high resolution X-ray diffraction (HRXRD), and RBS/channelling methods [6] for determination of the number of periods, periodicity, interface sharpness and thickness of layers for heterostructures that may find application in manufacturing distributed Bragg reflectors.
Experiment
Investigated AlAs/GaAs heterostructures were grown by molecular beam epitaxy (MBE) at the Institute of Electron Technology. Samples were divided into two groups, first one consists of the structures for VECSELs emitting at l = 980 nm, second one includes heterostructures for future SESAM application on l = 1064 nm band. All the samples were deposited on (100) oriented GaAs substrates (see Table 1 ).
MBE growth was performed in three-chamber Riber 32P with Bayard-Alpert gauge for flux measurements, and the reflection high energy electron diffraction (RHEED) gun operated at 9 keV. Prior to starting growth, the GaAs substrate was heated to 580°C to remove native oxide under As 4 beam. The substrate temperature was measured with both the thermocouple, and pyrometer. The removal of the native oxide was confirmed by observation of RHEED pattern changes. Subsequently, the substrate was heated to 630°C for 5 min to degas residual surface impurities, and cooled down to 580°C to begin the structure crystallization. The GaAs buffer layer was grown with the rate of 2.5 angstrom per second under As-rich condition at V/III beam-equivalent pressure (BEPs) ratio of 5.0, and with the (2×4) surface reconstruction [7] . The thickness of GaAs buffer was changed between the processes.
The growth of Bragg heterostructures was carried out at the substrate temperature of 530°C. To our knowledge, this temperature is most advantageous to produce epilayers with high growth rate, and low level impurities. The number of periods in the reflector structure was varied between 15 and 24, depending on the technological process destination. The growth of successive layers making up heterostructures was performed without any growth interruptions.
HRXRD analysis of each sample was performed with high-resolution diffractometer at the Institute of Electronic Materials Technology, using CuK a radiation (l = 0.15405 nm). Collected rocking curves [8] were analyzed by means of numerical analysis. To this end, an application designed for simulating rocking curves, based on Darwin dynamical theory of X-ray diffraction was employed [9] . For the purpose of simulation, a heterostructure was modelled as a stack of parallel atomic planes with different chemical composition. The analysis was performed so that, the chemical composition of each atomic plane had been varied until the best fit between experimental and simulated curves was achieved. In order to determine the most realistic initial model of some intricate structures, necessary to start rocking curve simulation, it was very helpful to employ an additional technique delivering independent data. In this work, RBS/channelling technique has been used for the purpose. This technique has also been used to verify the results obtained by HRXRD analysis.
RBS/channelling measurements were done using 1.7 MeV 4 He beam at the Institute of Ion Beam Physics and Material Research, Forschnungszentrum Dresden. For an analysis of random spectra, the RUMP application was applied [6] .
Results and discussion
The process of optimizing the technology comprised postgrowth characterization of the separate Bragg reflectors. The aim of these investigations was to detect deviations from periodicity, variation of layers thickness, interface grading, and work out their influence on DBRs reflectivity. To this end a series of heterostructures crystallized by molecular beam epitaxy, and designed to be used as quarter-wave distributed Bragg reflectors have been investigated by means of HRXRD supported in some cases by RBS/channelling. For each investigated specimen, high-resolution X-ray rocking curve has been collected for the (004) reflection. Next step consisted in establishing the best fit between experimental and simulated curves for some parameter set. In the case of an application based on Darwin dynamical theory of X-ray diffraction, the parameter set should contain the chemical composition of each atomic plane.
In Figs. 1 and 2 , the simulated rocking curves plotted along with the experimental ones collected for sample labelled MBE_1 designed for VECSEL application emitting at 980 nm, and for sample labelled MBE_2 designed for SESAM application on 1064 nm band respectively, show a good epitaxial control, and material quality. For both samples, very good fits were obtained, assuming that the vertical Opto-Electron. Rev., 16, no. 1, 2008 Fig. 3 , the experimental and simulated rocking curves are presented for the sample labelled MBE_3. The sample was expected to be the copy of MBE_2 one. Unfortunately, during the early stage of the deposition some disturbance of the process occurred. The match between experimental and simulated curves was achieved under the assumption that at the beginning of the deposition process the periodicity had been lost and not recovered until the first four periods were deposited. It seems that only GaAs layers suffer the lapse of periodicity, getting thinner than expected for the first four layers (see Table 2 ). The lapse in periodicity is confirmed by pyrometer signal recorded during the epitaxial growth and presented in Fig. 4 .
The interpretation of the pyrometer signal is complicated, because it depends strongly on underlying structures. In case of Bragg reflector, the signal has to be periodic. The signal recorded at the beginning of the growth process is different than that recorded later, as it can be seen in Fig. 4 . It can indicate some instability of thermal conditions at the start of DBR growth and confirms the rightness of X-ray analysis.
In Fig. 5 , the reflectivity spectra for both MBE_2 and MBE_3 samples are plotted. They were found to be similar in the overall shape, as well as in peak reflectivity. This means that this kind of the periodicity disturbance observed in MBE_3 sample, affecting only the first four out of the total fifteen periods, does not alter much reflectivity of the investigated mirror in case of the incident beam coming from the top of the DBR, as it is for DBRs to be used for VECSEL or SESAM applications. Comparing rocking curves of both MBE_2 and MBE_3 samples, it can be seen that very much like reflectivity spectra they are also similar. The angular positions of the satellite peaks are the same, their intensities start to differ only for the higher-order satellites. The only difference observed for low-order satellites is some asymmetry of their peaks observed in case of rocking curve of MBE_3 sample that is not seen for the one of MBE_2 sample. These observations involving rocking curves are very much in line with those for optical reflectivity spectra. This is because the reflectivity properties are determined by the power spectrum of the Fourier transform of the position-dependent refractive index [10] .
Effects of composition grading at heterointefaces and layer thickness variations on Bragg mirror quality
In the case of a rocking curve, the low-order satellites close to the Bragg peaks give the overall shape of the composition through the period, whereas the higher-order satellites give information about the finer details, for example the interface shape [11] . The two DBR structures have nearly identical first order Fourier components, what may be inferred from the similarity of their rocking curves, and consequently nearly identical optical reflection spectra.
In Fig. 6 , the pyrometer and secondary ion mass spectrometry (SIMS) profiles are plotted for a sample labelled MBE_4 for which the significant changes in growth conditions occurred.
It can be seen that somewhere in the middle of the growth process, a pyrometric signal has changed, but still remains periodic. It means that the growth was faulted as a consequence of the changes in growth conditions. The secondary ion mass spectrometry (SIMS) profile plotted in Fig. 6(b) shows that the difference between the first and second part of the growth process is related to the change in an aluminium flux during epitaxy process. After the break, the aluminium flux remains on lower but constant level. As a result, the AlAs layers are expected to get thinner after the break, while GaAs layers thickness should remain stable. This is confirmed by RBS/channelling analysis of the sample, as shown in Fig. 7 where experimental and simulated RBS spectra are plotted.
An attempt to resolve the structure of this sample by means of X-ray analysis alone proved to be inefficient, and the aid of RBS/channelling investigations was invaluable. In this case, rocking curve and RBS spectra were simulated concurrently using the results of simulations for mutual verification. Due to this combination of two methods, it was relatively easy to establish the correct thickness of each layer in the stack. It was shown by X-ray analysis (see Fig. 8 ) that going from the bottom to top, the first seven pairs consist of 82-nm thick AlAs and 79-nm thick GaAs layers followed by eight pairs with 25.5-nm thick AlAs and 79-nm thick GaAs layers. RBS analysis gives slightly different results, the bottom part contains 84-nm thick AlAs and 79-nm thick GaAs layers, the top part 24-nm thick AlAs and 74-nm thick GaAs layers, respectively. There is also some scatter in thickness of layers making up the bottom part reported by RBS/channelling investigations. Both methods confirm conclusions that were drawn from analysis of the pyrometric and SIMS profiles. Small difference between the results derived from X-ray, and RBS analysis may be due to the fact that the RBS method becomes less reliable with increasing depth of the heterostructure. Another source of discrepancy may be the lateral inhomogeneity of the sample. The sample discussed is the only one for which the reflectivity was found to be less than 99%, and with a dip in the middle of stop band of the reflectivity spectrum Fig. 9 .
The last problem discussed in this paper deals with the structure of interfaces. The modified DBR structure has been studied. The modification consists in inserting an extra intermediate-composition layer in the conventional structure. Such a structure is of interest because it greatly reduces the DBR series resistance [4, 5] . Figure 10 shows three plotted simulated rocking curves, (a) of MBE_1 sample shown in Fig. 1, (b) of the same structure modified by inserting 6-nm thick intermediate-composition layer between AlAs and GaAs layers, (c) of the same structure as in point (b) but the inserted layer is 11-nm thick. The period of all three simulated superlattices is the same. Comparing the three rocking curves in Fig. 10 , it can be seen that the thinner the intermediate-composition layers, the higher-order satellites have to be registered for the difference between rocking curves to be detected. Since these simulations were carried out for an angular range for which the rocking curves of MBE_1 sample was recorded, we may asses in this case the thickness of the possible interface grading resulting from the substrate surface roughness, and interdiffusion at the interfaces to be no greater than 6 nm. The estimation of the thickness of the interface grading will depend on the angular range for which the rocking curve has been recorded. The wider the range, the more satellite peaks recorded, and the finer details of the interface region can be derived from the analysis of the rocking curve. The best way to proceed is to perform the simulation of the rocking curve of the structures with and without intermediate-composition layer, and next compare the curves in order to establish the appropriate angular range for a measurement. The angular range should be sufficiently wide to ensure it comprises satellite peaks which differ in intensity for both simulated curves. In some cases it may occur to be necessary to collect the data from a very wide angular range, what may require using a strong X-ray source, for example the synchrotron radiation.
Conclusions
We have demonstrated that the disturbance of the DBR structure which reflects itself in the modification of only the higher order satellite peaks in the rocking curve has little impact on the optical reflectivity spectrum. An example of such disturbance is a small lapse in periodicity involving only first few layers of the DBR structure or small grading at the interfaces. This kind of periodicity disturbance can be observed in the sample denoted as MBE_3. In Fig. 5 , the reflectivity spectrum for this sample is compared with the one for DBR being a copy of MBE_3 but without any flaw in periodicity. It can be seen that the central high reflectivity plateaus for both spectra overlap. In case of MBE_4 sample, where the drastic change in periodicity occurred during the growth process, all satellite peaks are affected, and as it can be seen in Fig. 9 , the reflectivity spectrum for this sample is considerably modified in relation to those presented in Fig. 5 . The peak reflectivity value is reduced to 0.8, what means a significant degradation of the mirror properties.
We have also shown that the complementary use of HRXRD, and RBS/channelling techniques proved to be very efficient tools in resolving DBR structure, especially in the case of the flawed ones, when the initial data necessary to start simulation of the rocking curve are unknown. RBS/channelling may provide such data, and can also be used for verification of the model of the heterostructure provided by the HRXRD analysis. This procedure is very efficient in providing detailed information about the departure from the assumed structure, and allows prompt identification of the flaws that occurred during the deposition process.
